Recently, the development of the HTS power cable is actively promoted. As the length of HTS power cable increases, there have been many efforts to develop large capacity cryocooler. Among the various cryocooler, the Brayton refrigerator is the most competitive for HTS power cable. The Brayton refrigerator is composed of recuperative heat exchangers, a compressor, and a cryogenic turbo expander. In these components, the cryogenic turbo expander is a part to decrease the temperature and it is the most significant component that is closely related with overall system efficiency. It rotates with high speed using a high-pressure helium or neon gas at cryogenic temperature. This paper describes the design of a 10 kW class Brayton refrigeration cycle and the cryogenic turbo expander. Flow and structural analysis are performed for the rotating impeller and nozzle to verify the efficiency and the design performance. 
INTRODUCTION
The development of a cryogenic cooling system with high efficiency and reliability is urgently needed for the commercialization of the HTS power cable [1, 2] . Recently, the application of a high-capacity refrigerator with a cooling system that has a large cooling capacity per unit is being researched as the length of superconductivity power cables increases [3, 4] . Although the reverse Brayton refrigerator, JT refrigerator, and Claude refrigerator can be considered as large-capacity cryogenic refrigerators, taking into account the reliability and efficiency of the system, the reverse Brayton refrigerator is the most competitive cooling system [5] . However, due to the lack of a domestic cryogenic refrigerator development technique, all refrigerators are currently being imported from overseas advanced firms, which leads to high costs. The domestic development of a reverse Brayton refrigerator is urgently needed for the commercialization of the future HTS power cable.
The reverse Brayton refrigerator consists of a counter flow heat exchanger, compressor, and cryogenic turbo expander. The core part, which decides the efficiency of the system among them is the cryogenic turbo expander. The cryogenic turbo expander is the part that lowers the temperature by rotating at a high speed by means of high-pressure helium or neon gas at cryogenic temperatures.
In this study, a 10 kW Brayton refrigeration cycle is designed, which is required for cooling an HTS power cable. And the cryogenic turbo expander satisfying it is designed considering the machinability and efficiency in order to contribute to constructing the reverse Brayton refrigerator in the future.
DESIGN OF THE BRAYTON REFRIGERATION CYCLE

Design criteria of the thermodynamic cycle
The required Brayton refrigeration cycle condition is as follows. In order to apply the HTS power cable, the temperature of the cooling section should be lower than the boiling point of the liquid nitrogen. The Brayton refrigeration cycle should be considered of reduction to the consumption power. Moreover, it should be driven at higher pressure than the atmospheric pressure in general considering the system stability. The quantitative summary of these design criteria are shown in Table 1 .
Design of the reverse Brayton cycle
The refrigerants frequently used at cryogenic temperatures include helium, neon, nitrogen, and argon. In this study, the refrigerant, superheated gas near 75 K, is made up of neon and helium. The density of the neon is five times higher than that of helium in the cycle of this paper, so the speed of the fluid is slow. A high flow speed is related to the pressure drop and friction loss of pipe flow. For this reason, the neon was chosen as the refrigerant for the thermal stability improvement. Fig. 1 shows the calculation result of the Brayton cooling cycle after fixing the compressor inlet temperature, turbine inlet temperature, and post-cooling temperature. Fig. 2 is a schematic diagram of the Brayton cryocooler, and the temperature of Fig. 1 corresponds to the position of Fig. 2 . A compression and expansion efficiency of 80 % were assumed in design, and the isentropic pressure ratio was 2. The heat exchanger is also assumed the ideal recuperator. The low pressure was 5 bar, and the high pressure was 10 bar. The required mass flow rate of the refrigerant of the cycle based on the 10 kW cooling capacity is 0.7 kg/s.
DESIGN OF TURBO EXPANDER
Shape design
The turbo expander described in this paper is a radial flow turbine that uses the gas as the operating fluid. As for the gas, it is advantageous to make a flow path for entering the turbine through the turning vane to raise the efficiency [6] . For the turning vane, a shape in which there is no pressure difference of the inlet and outlet is possible. Though, if the shape of a nozzle is formed, the efficiency of the expansion stage can be increased. Table 2 is a specification selected to design the rotor among the expander. The head (H) and specific speed (n s ) of the expander should be selected to calculate the diameter of the impeller (D) based on the selection criterion. The head and specific speed of the expander are determined by the following equations [7] .
The specific speed should be a value of around 0.5 for high efficiency in the radial flow turbine based on this diagram. Since the pressure (p) and specific heat ratio (κ) are determined from the cycle, the head is determined through the calculation with a gas constant (R) in equation (1) and the volume flow rate (V) is also determined from the cycle's mass flow rate and thermodynamic property; only the rotating speed (ω) acts as a variable to control the specific speed. When calculating the rotating speed by setting the specific rate as 0.5 based on equation (2), 48,000 RPM is the result. The specific diameter (d s ) sought from Fig. 3 is 3.6.
The diameter can be found from the specific diameter through the equation (3) . Since the specific diameter, head, and volume flow rate are already known, the impeller diameter can be found 45.1 mm. 3 . Specific speed -specific diameter diagram [7] .
The shape of the flow path is determined from the shape of the impeller and designed the meridional plane by the shape such as Fig. 4 . If the inlet/outlet angle of the vane is set based on the meridional plane, the impeller shape on a single vane can be obtained. Since the width of the neck between vanes depends on the number of vanes, the number of vanes should be less than 13 when finding a shape to secure over minimum 1 mm for the interval of the neck in order to raise the machinability. The three dimensional rendering is as shown in Fig. 5 .
The nozzle is necessary to raise the efficiency of the impeller. Through the arrangement of the vane, the radial nozzle forms the flow from the radial direction to the center while the nozzle is changing the static pressure into the dynamic pressure to perform depressurization.
The design conditions of the nozzle are shown in Table. 3. Since the radial fluid comes directly into the nozzle inlet, the angle of 90° should be set and the fluid of the desired angle should be sent to the inlet of the impeller in the outlet, the angle should be 70°. Since the height of the nozzle vane should be the same as that of the impeller inlet, it should be 4.25 mm.
The schematic diagram of the nozzle can be drawn as shown in Fig. 6 based on the given design condition. When it comes to the shape of the nozzle, the static pressure should be changed into dynamic pressure as the flow cross-section area decreases while the flow is going from the inlet to the outlet. Since the schematic diagram of Fig. 6 is the shape on the blade passage, it is necessarily converted into a radial nozzle to apply to the radial flow turbo expander designed in this paper.
Due to the shape of the radial flow nozzle, the fluid flows from the outside to inside. The nozzle inlet must maintain the angle of 90° because the external fluid comes in vertically, and the outlet must satisfy the outlet angle of 70° from the radial direction. A basic three-dimensional drawing can be obtained by projecting the schematic diagram in a circle, which was drawn under the blade passage. The three-dimensional drawing of the nozzle can be obtained after correcting the sketch in consideration of the machinability of the neck, the inlet, the outlet, and the end of vanes.
In Fig. 7 , the nozzle is drawn in the same shape as in the schematic diagram about the radial direction in the pattern of satisfying the above condition to 3D model. The number of nozzle vanes was set differently from the number of impeller vanes for preventing resonance, and the nozzle inlet was also adjusted to be 90° under the assumption that the fluid of the volute comes in the radial direction. The expected efficiency of the nozzle is 92 %, it was designed conservatively, considering the goal. Since the fluid of the actual volute flows in at an angle smaller than 90°, a conservative design is necessary.
Flow Simulation
In order to examine the performance of the turbo expander, the analysis was conducted by applying the finite element method. An ANSYS 15.0 CFX module was used for the analysis. The basic shape was divided by a 1/13 model that divided the rotor by the number of vanes in order to reduce the analysis time, and a mesh lattice was created in a hexahedral shape for the equivalent mass flow rate at the inlet/outlet, as well as energy. 
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Conceptual design of cryogenic turbo expander for 10 kW class reverse Brayton refrigerator Fig. 8 is the mesh lattice of the rotating fluid. The mesh lattice was created first in the meridional plane, the upper/lower part of fluid, in order to get a more accurate analysis result in forming the mesh lattice in a hexahedral shape. The part expressed in yellow is the lattice being applied to the meridional plane, and the pink line is a lattice being applied to the upper part of the fluid. The fluid between two lattices is divided into appropriate amounts, and all mesh lattices are divided in a hexahedral shape for the fluid area. The number of nodes is 209,580 and elements is 190,937 in the mesh lattice.
The mesh lattice of the nozzle was created by forming the meridional plane as in Fig. 9 . The lattice was created in accordance with the flow shape by utilizing a program to reduce the calculation error. The number of nodes is 343,179 and elements is 318,450. Table 4 is boundary conditions that were set during the flow simulation. The flow inlet was set by the nozzle inlet and the flow outlet was set by the axial side in the rotor. Since the necessary mass flow rate was 0.7 kg/s as a result of the reverse Brayton cycle in the Chapter 2, the mass flow rate was also set as 1/13 in accordance with the 1/13 size of the analysis model, as 53.8 g/s. Only the rotor fluid was set as the rotation and the nozzle was fixed, and the rotating speed of the rotor was set as 48,000 RPM, which was the rotating speed required by the impeller, as calculated in Chapter 3. Since the results of both sides should be the same in the case of a side that is continued sequentially, the periodic condition was given to continue the calculation result, and the contact surface was set as a simple stage to continue the mass, energy, and momentum. Since the turbo expander was selected to be in shroud form for convenience of the manufacturing and for time reduction during production, the no-slip condition was satisfied by giving the condition in a reverse rotation because the shroud wall did not rotate.
Structural analysis
The load of impeller is increased due to the rotation and the local pressure difference of fluid. Since the size of the designed impeller is such that it has a diameter of less than 45.1 mm, the thickness of the vane is 0.5 mm, so that the verification of the mechanical stability is necessary. Therefore, a flow simulation was conducted first to perform structural analysis, and then the von Mises stress of the impeller was confirmed under the pressure that the fluid adds to the vane and the rotation speed. Since an error can take place in the part that was described as if it were processed sharply during the structural analysis, a fillet with a radius of 0.5 mm was set to the part where the vane and body met for machinability and error correction.
The boundary condition was set and the analysis was conducted in order to examine the stress and deformation of the impeller. Static structural module of ANSYS 15.0 was used for the analysis. The material was chosen as STS 304 considering the machinability and thermal deformation since this material has a maximum yield stress of 1400 MPa at 77 K after annealing process [8] . The pressure and temperature conditions of each section were given based on the flow simulation result and the material mechanical property was based on the value of 77K condition. Because of the rotating impeller, the rotating condition of 48,000 RPM was set. Fig. 10 is a mesh lattice form to conduct the structure analysis of the impeller and nozzle. The number of nodes is 2,730,748, and the number of elements is 1,802,186 in the impeller mesh lattice. Fig. 11 is the static pressure distribution in the meridional plane. It is confirmed that the fluid entering the static pressure of 10 bar from the inlet passes through the nozzle and impeller while the pressure decreases to 5 bar. Fig. 12 shows a flow velocity in the middle side on the height direction of the vane. The speed magnitude of each section is the relative velocity on the nozzle and impeller.
ANALYSIS RESULT
The result on the flow simulation is arranged in Tables 5  and 6 . Table 5 is an analysis result of the entire flow area, and Table 6 is a chart that recorded the property change of the fluid.
The shaft power, which is generated when the fluid turns the impeller, is 9.75 kW, and the energy of the fluid, which was decreased by the power transportation, is the total pressure ratio of 1.82, it is confirmed the expansion is done. The inlet total to outlet static pressure expansion ratio based on the result of the Table 6 is calculated to be 1.87. It is to close the target expansion ratio. As a result, it has dropped the impeller outlet temperature sufficiently to satisfy the target performance of turbo expander. The efficiency of the nozzle was about 93.8 %, which was close to the expected efficiency of 92 %.
Figs. 13 and 14 are the chart that drew the pressure acting on the front/rear side of the nozzle vane and the impeller in the meridional plane depending on the position. As a result of the chart, it is confirmed that the bending force is caused in vanes. As a result of the structural analysis, the von Mises stress distribution of the impeller is as shown in Fig. 15 . The maximum von Mises stress at the impeller is 124 MPa. The position in which the maximum stress acts is the lower outlet of the vane. The impeller mostly shows a value under 60 MPa. If the annealing on the impeller is done, it is assumed that at least 3 safety factor will be able to be secured. Table 7 shows the result of the structural analysis.
CONCLUSION
In this paper, the impeller and nozzle were designed through a mathematical approach, and the following conclusion was obtained.
First, the necessary analytic technique was searched to analyze the rotor and nozzle of the cryogenic turbo expander, and it was confirmed that this analytic technique could be informative.
Second, we successfully designed the impeller with the 94 % isentropic efficiency of the nozzle and the polytropic efficiency of the impeller near 80 %. We confirmed the mathematical methodology handled, and it was applied in this paper. The rotor and nozzle part of the cryogenic turbo expander was anticipated of the performance. And it would be utilized as a basic design material for actual production.
